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ABSTRACT 


Electrical  breakdown  in  high  voltage  diodes  has  been  studied  since  the  1920s,  yet 
it  is  still  not  well  understood.  This  study  characterizes  the  electron  flow  during 
breakdown  in  a  high  voltage  vacuum  diode.  This  was  accomplished  by  measuring  the  x- 
rays  produced  when  electrons  strike  the  anode  of  the  diode.  Current  measurements  taken 
during  the  experiment  include  both  the  displacement  and  conduction  electron  current,  so 
the  x-ray  sign,  .1  is  the  best  measure  of  the  conduction  current.  Knowledge  of  the  electron 
flow  is  important  in  determining  the  mechanism  of  breakdown. 

The  currently  accepted  explosive  electron  emission  (EEE)  model  for  electrical 
breakdown  can  not  properly  account  for  the  energy  required  to  form  cathode  spots. 
Schwirzke  proposed  a  new  model  that  involves  an  ionization  process  and  a  subsequent 
unipolar  arc  that  accounts  for  the  energy  to  form  the  spots.  Electron  flow  for  the  two 
models  is  very  different.  The  EEE  model  requires  a  large  current  density  for  several 
nanoseconds  before  plasma  formation,  whereas  the  new  model  predicts  a  large  current 


density  that  develops  simultaneoiisly  wdth  the  plasma  formation.  The  results  of  this 


experiment  support  the  predictions  of  the  new  model. 
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I .  INTRODUCTION 

The  mechanism  of  electrical  breakdown  on  electrodes  is 
important  in  many  fields,  yet  it  is  still  net  well  understood. 
It  is  most  important  in  high  power  switching,  particle  beam 
generation,  and  pulsed  power  technology.  Better  understanding 
of  the  breakdown  process  could  lead  to  improved  component 
designs  for  these  applications  that  provide  longer  component 
lifetimes  and  more  energy  efficient  systems. 

The  phenomena  of  breakdown  have  been  studied  since  the 
1920 's  yet  numerous  competing  theories  still  exist.  All 
theories  agree  that  there  is  cathode  spot  formation  [Refs. 
1,2],  and  that  it  is  a  plasma  mechanism,  but  the  similarities 
end  there,  A  cathode  spot  is  a  crater  on  a  cathode  surface 
that  is  formed  by  a  plasma  mechanism  when  a  high  voltage 
(strong  electric  field)  acts  on  that  surface.  The  current 
most  widely  accepted  model  for  cathode  spot  formation  is  the 
explosive  electron  emission  (EEE)  model  [Ref.  2].  This  model 
proposes  that  a  high  electron  current  passing  through  a 
microprotrusion  or  whisker  on  the  cathode  surface  causes 
explosion  of  the  whisker  and  formation  of  the  cathode  spot. 
There  is  some  doubt  as  to  whether  this  mechanism  can  provide 
enough  energy  to  explode  a  whisker  [Refs.  3,4] .  A  new  model, 
proposed  by  Schwirzke  [Ref.  5],  proposes  a  more  complex 
process  involving  ionization,  that  can  provide  the  energy 
required  to  form  the  cathode  spot. 
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This  work  builds  upon  previous  NPS  work  and  could  be  the 
basis  for  future  work  in  this  area.  The  experiment  described 
here  was  done  using  the  high  voltage  vacuum  diode  of  the  Naval 
Posgraduate  School  Flash  X-ray  machine.  It  examines  the  time 
scale  of  the  x-ray  pulse  that  occurs  during  cathode  spot 
formation  and  relates  it  to  the  electron  flow  in  the  diode. 
This  x-ray  pulse  will  be  compared  to  the  voltage,  current,  and 
plasma  (light)  onset  times  to  determine  how  the  plasma 
formation  evolves.  The  x-ray  signal  is  a  direct  indicator  of 
electron  flow  across  the  diode  gap.  The  current  signal 
measures  both  displacement  and  conduction  current,  so  the  x- 
ray  signal  provides  important  information,  especially  early  in 
the  voltage  buildup  when  the  displacement  current  could  be 
large.  Using  the  x-ray  signal  as  a  relative  measure  of  the 
conduction  current,  we  can  determine  whether  a  high  current 
causes  plasma  formation,  or  is  the  result  of  enhanced  electron 
emission  after  plasma  formation. 

This  study  is  organized  to  provide  an  overall  view  of  the 
breakdown  process,  then  to  describe  and  analyze  the  x-ray 
pulse  timing.  It  starts  with  basic  diode  physics  and 
background  in  the  next  chapter.  Chapter  III  covers  the 
Schwirzke  model,  and  Chapters  IV,  V,  and  VI  cover  the 
experiment,  results  and  analysis  respectively.  The  conclusion 
summarizes  the  analysis  and  will  show  that  the  measured  x-ray 
pulse  can  be  used  to  support  the  new  model. 
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ZZ .  BACKGROUND 


A.  REVZEW  OF  DZODE  PHYSZCS 

A  planar  high  voltage  diode  consists  oi  two  conducting 
plates  separated  by  a  distance,  d,  that  is  small  compared  to 
their  surface  dimensions.  The  gap  between  the  plates  is 
evacuated,  in  this  case  to  a  high  vacuum  (10'^  -10'®  Torr)  . 
When  a  high  enough  voltage  is  applied  across  the  gap, 
breakdown  occurs,  a  current  flows,  and  the  gap  is  eventually 
filled  with  a  conducting  plasma,  this  latter  stage  being 
termed  diode  closure. 

The  electric  field  (E)  in  a  planar  diode  before  current 
begins  to  flow  in  the  gap  is; 


(2.1) 


where  is  the  applied  voltage  potential.  When  current  begins 
to  flow,  the  changing  charge  distribution  affects  the  electric 
field.  This  is  known  as  a  space  charge  effect  (Fig.  2.1). 
For  high  voltage  diodes  like  the  one  used  for  this  experiment, 
the  potential  minimum  is  negligible  compared  to  the  high 
applied  potential  and  the  minimum  (Fig.  2.1,  IV)  is 
practically  coincident  with  the  cathode  surface.  In  this 
case,  the  electric  field  vanishes  at  the  cathode  surface  and 
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the  emitted  electrons  have  zero  initial  velocity.  This  makes 
the  electron  flow  space  charge  limited.  [Ref.  6] 


Figure  2.1  Electrostatic  Potential  in  a 
Diode  Including  Electron  Space  Charge.  I 
through  IV  are  sequential  in  time. 


When  the  macroscopic  field  in  a  diode  reaches  10^-10''  V/m, 
electrons  are  emitted  from  the  cathode  through  a  quantum 
mechanical  phenomenon  called  field  emission.  Field  emission 
current  densities  (j,.)  are  governed  by  the  Fowler  Nordheim 
(FN)  equation: 

where  P  is  the  electric  field  enhancement  factor,  and  Cj,  and 
C2  are  constants.  For  large  values  of  E,  jt,  is  proportional 
to  p^E^.  The  FN  equation  seems  to  indicate  that  the  electron 


current  will  continue  to  increase  with  the  electric  field.  In 
reality,  the  current  is  limited  by  the  previously  indicated 
space  charge  consideration.  Using  a  nonrelativistic 
treatment,  the  space  charge  limited  current  density  (jc^)  is 
given  by  the  Child-Langmuir  expression: 


3/2 


(2.3) 


m 


where  6o  is  the  permittivity  of  free  space,  e  is  the  magnitude 
of  the  charge  carriers,  m  is  the  mass  of  the  charge  carriers, 
$0  is  the  diode  potential  and  d  is  the  distance  from  the  zero 
potential  to  the  potential  $o[Ref.  6].  The  Child  Langmuir 
expression  represents  an  upper  bound  to  the  space  charge 
limited  current  that  can  flow  in  the  diode.  The 
nonrelativistic  treatment  used  in  this  case  is  based  on  the 
previous  work  of  Hallal  [Ref.  3] .  Hallal's  work  also  provided 
the  basis  for  ignoring  the  effects  of  parapotential  flow  [Ref. 
6] .  Although  some  relativistic  effects  may  be  important  for 
electron  flow  in  the  diode,  these  effects  do  not  alter  the 
conclusions  of  this  experiment. 

B.  ELECTRIC  FIELD  ENHANCEMENT  -  THE  p  FACTOR 

Depending  on  the  specified  use  of  a  diode,  the  electrode 
surfaces  can  range  from  polished  and  clean  to  rough  and  dirty. 
Polished  and  clean  electrodes  are  known  to  have  microscopic 
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projections  (um  size)  called  whiskers  with  densities  up  to  10* 
whisker/cm^  [Ref.  6].  Because  the  electric  field  flux  is 
greater  at  the  whisker  tip,  these  whiskers  can  lead  to 
significant  electric  field  enhancement  (Fig.  2.2).  The  field 
enhancement  factor  ^  is  important  in  determining  where  and 
when  electron  field  emission  starts.  Values  of  this  factor 
range  up  to  several  hundred  [Ref.  6]. 


E  FIELD  LINES 


Figure  2.2  Electric  Field 
Enhancement  at  a  Whisker  Surface. 

[Ref.  6] 

C.  EXPliOSIVE  EI.ECTRON  EMISSION  MODE!. 

The  current  most  widely  accepted  model  for  breakdown  in 
high  voltage  diodes  is  the  Explosive  Electron  Emission  (EEE) 
model  proposed  by  Mesyats  [Ref.  2] .  This  model  proposes  that 
the  resistive  heating  of  field  emission  currents  causes 
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explosion  of  whiskers  into  a  dense  plasma  and  hence,  the 
formation  of  cathode  spots.  The  rapidly  expanding  plasma  then 
covers  the  cathode  surface  leading  to  even  higher  current . 
The  plasma  expansion  into  the  gap  continues  until  diode 
closure  when  the  voltage  is  effectively  short  circuited. 

The  initial  plasma  formation  is  known  to  occur  within 
nanoseconds  (-10ns) [Ref.  2,3]  for  short  (-lOns)  pulse 
risetimes.  Estimates  of  current  densities  required  to  explode 
a  whisker  in  the  EEE  model  are  j.,=  io^‘-io“A/m^  [Refs.  2,3,6j 
For  a  diode  like  the  one  used  in  this  experiment,  with  $o=  IMV 
and  d=2.54cm.  Equation  2.3  gives  jcL=  3.6  X  10®  A/m\  If  the 
Child-Langmuir  current  density  (jet.)  represents  an  upper  bound, 
then,  jje=jci,«10^^A/mS  and  explosion  of  the  whisker  by  this 
method  is  not  possible. 

The  EEE  Model  does  not  properly  describe  the  "explosive" 
formation  of  cathode  spots.  What,  then,  is  the  mechanism  for 
breakdown  at  the  cathode?  To  answer  this,  Schwirzke  and 
Hallal  presented  a  new  model  that  takes  into  account 
ionization  of  neutrals  and  their  return  kinetic  energy  at  the 
cathode  [Ref.  3].  For  future  reference,  this  model  will  be 
called  the  desorbed  neutral  ionization  (DNI)  or  Schwirzke 
model . 
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Ill .  ONZ  MODEL 


A.  BASXS  FOR  THE  DBH  MODEL 

The  new  model  for  cathode  spot  formation  must  include 
a  mechanism  that  delivers  orders  of  magnitude  more  energy  on 
the  nanosecond  time  scale.  If,  by  some  mechanism,  an  ion 
space  charge  could  be  established  it  would  increase  the  field 
emission  current,  but  it  could  not  provide  the  increased 
orders  of  magnitude  of  current  required  to  explode  the 
whisker.  The  DNI  model  includes  not  only  the  build  up  of  ion 
space  charge,  but  also  as  source  of  energy  the  kinetic  energy 
of  ions  accelerated  to  the  cathode,  and  the  subsequent 
formation  of  an  unipolar  arc  [Ref.  7].  The  kinetic  energy  is 
efficiently  transferred  to  the  surface  layer  of  the  cathode 
and  provides  energy  for  desorbing  neutrals  that  are  ionized 
and  further  enhance  the  electric  field  leading  to  the  unipolar 
arc  and  formation  of  cathode  spots .  Reference  3  covers  the 
details  of  the  kinetic  energy  transfer.  This  work  will  focus 
on  the  temporal  characteristics  of  the  initial  field  emission, 
ionization  and  plasma  formation  with  emphasis  on  the  x-ray 
pulse  that  occurs  during  the  process. 
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B.  QUALITATIVE  DESCRIPTION  OF  DNI  MODEL 

1.  Initial  Conditions  and  Neutral  Desorption 

Even  the  cleanest  electrodes  are  known  to  have  at 
least  some  contamination  on  their  surfaces.  Adsorbates  like 
CO2,  Oj,  and  acetone  (used  for  cleaning  most  vacuum  surfaces) 
molecules  are  weakly  bound  to  the  surface  by  Van  der  Waals 
attractions  a0.25eV  molecule  [Ref.  5].  If  these  adsorbates 
were  released  from  the  cathode,  they  could  be  ionized  by  the 
field  emission  current.  The  ions  then  provide  the  energy 
required  to  explode  a  whisker.  A  suddenly  released  single 
layer  of  2X10^’  molecules/m^  expands  into  a  vacuum  with  speed, 
v=470m/s  [Ref.  8],  providing  near  atmospheric  densities  in 
front  of  the  cathode  within  nanoseconds  [Ref  5]  .  The 
mechanism  of  release  of  these  adsorbates  is  thought  to  be  the 
onset  of  the  electric  field,  impact  of  ions,  electron 
emission,  and  possibly  the  displacement  current.  The  role  of 
the  displacement  current  will  be  discussed  further  in  the 
analysis  of  results. 

2.  Onset  o£  Ionization 

The  dense  neutral  cloud  {no-io”/m^)  expanding  in  front 
of  the  cathode  can  provide  a  ready  source  for  ions .  As  a 
voltage  is  applied  across  the  diode  and  the  macroscopic 
electric  field  reaches  10‘-10‘’  V/m,  field  emission  of  electrons 
begins  in  places  with  enhancement  factors,  P^IOO.  These  field 
emission  electrons  provide  the  ionization.  The  neutrals  have 
a  maximum  cross  section  for  ionization  near  lOOV  (using  oxygen 
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as  a  typical  case)  [Ref.  9].  As  the  diode  voltage  rises,  the 
lOOV  equipotential  surface  (EPS)  moves  closer  to  the  cathode 
as  the  neutrals  expand  outward.  Figure  3.1  shows  the  progress 
of  the  neutrals  and  the  lOOV  potential  for  three  typical 
maximum  diode  voltages  with  approximated  linear  risetimes  of 
about  20ns.  Predicted  onset  of  ionization  is  in  the  area  near 
where  the  two  curves  meet,  there  being  a  significant  chance  of 
ionization.  The  delay  of  ionization,  or  plasma  formation  can 
be  measured  by  detecting  the  light  signal  at  the  cathode. 


Figure  3.1  lOOV  EPS  and  Neutral  Distance  From  the 
Cathode  vs  Time  From  Voltage  Onset.  Assumed  pulse 
rise  time  is  20ns. 


3.  Field  Emission,  Plasma  Formation,  and  the  X-ray  Pulse 

When  an  increasing  voltage  is  applied  and  field 
emission  of  electrons  begins  at  E=10’  V/m,  from  individual 
spots  with  large  enhancement  factors  p,  the  emitted  electrons 
are  of  relatively  low  energy  (E«25keV) .  When  these  electrons 
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arrive  at  the  anode,  they  produce  x-rays  through  bremstrahlung 
and  absorption  edge  processes.  As  the  voltage  rises,  and 
ionization  begins  at  the  cathode,  the  electric  field  in  front 
of  the  emitting  spot  on  the  cathode  is  further  enhanced  by  the 
ion  space  charge,  and  the  field  emission  current  density 
increases  by  the  FN  equation  (Eq  2.3) .  The  increasing  current 
further  increases  ionization,  causing  an  even  more  dense  layer 
of  positive  space  charge  to  develop  above  the  emission  site. 
As  a  dense  plasma  forms,  it  shields  the  cathode  from  the 
applied  electric  field.  The  increasing  current  density  and 
ion  bombardment  heat  the  cathode  and  finally  cause  thermionic 
electron  emission,  which  provides  a  source  of  electrons  for  an 
unipolar  arc  (Fig.  3.2) [Ref.  5]. 


ANooe 


Figure  3.2  Unipolar  Arc 

Schematic.  [Ref.  5] 
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The  plasma  formation  as  indicated  by  the  cathode  light 
signal  has  been  measured  to  develop  with  a  risetime  on  the 
order  of  a  few  nanoseconds.  The  cathode  plasma  now  acts  as  a 
source  of  electrons  that  respond  to  the  externally  applied 
potential.  A  dramatic  increase  in  x-rays  should  coincide  with 
the  plasma  formation  due  to  the  availability  of  electrons  from 
the  dense  cathode  plasma. 

Throughout  this  process,  electrons  that  reach  the 
anode  produce  a  broad  spectrum  of  x-rays  that  varies  with  the 
electron  energy.  The  onset  of  this  x-ray  pulse  and  its 
relative  magnitude  will  be  studied  to  provide  further  insight 
into  the  plasma  formation. 

4.  Predictions  Based  on  the  DNI  Model 

The  most  important  temporal  parameters  in  the  DNI 
model  are  the  transit  time  of  the  neutrals  to  the  ionization 
region  a  few  ym  from  the  cathode  surface  and  the  position  of 
the  lOOV  potential  based  on  the  voltage  risetime.  When  the 
lOOV  potential  and  neutral  density  have  a  significant  overlap 
(Fig.  3.3)  ionization  begins  and  the  process  develops  rapidly 
from  there.  If  the  EEE  model  correctly  describes  cathode  spot 
formation,  the  high  jf,  would  produce  a  significant  x-ray 
signal  for  several  nanoseconds  prior  to  plasma  formation.  The 
DNI  model  predicts  that  the  initial  x-ray  signal  from  the 
field  emission  will  be  small,  with  a  rapid  build  up  near  the 
onset  of  plasma  formation  due  to  the  enhanced  field  emission 
brought  about  by  ionization.  The  one  underlying  assumption 
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here  is  that  the  x-rays  are  a  direct  measure  of  electrons 
flowing  across  the  diode  gap.  In  this  experiment,  plasma 
formation  will  be  measured  by  the  onset  of  light  production  in 
the  diode,  and  the  x-ray  signal  will  then  be  compared  to  the 
voltage,  current,  and  plasma  onset  times. 


Figure  3.3  Schematic  of  a  Typical  Ionization  Cross  Section 
and  Neutral  Density  Distribution  Shortly  After  the  Voltage  is 
Applied.  [Ref.  3] 
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IV.  EXPERIMENT 


A.  OVERVIEW 

This  experiment  is  designed  to  determine  the  time  scale  of 
five  important  plasma  formation  parameters.  The  parameters  to 
be  measured  were:  diode  voltage,  diode  current,  anode  and 
cathode  light  pulses,  and  the  breakdown  x-ray  signal.  The 
setup  was  used  for  two  different  experiments;  one  studying 
the  temporal  response  of  visible  light  produced  at  the  anode 
and  cathode  [Ref.  10],  and  this  one  studying  the  correlation 
between  the  cathode  light  (plasma)  production  and  the  x-ray 
pulse  that  occurs  during  electrical  breakdown  when  electrons 
emitted  from  cathode  plasma  reach  the  anode.  Both  experiments 
compare  the  onset  of  plasma  formation  to  the  voltage  pulse 
onset  and  relate  these  to  the  model  in  Chapter  III. 

The  need  to  determine  all  five  parameters  on  the  same 
firing  of  the  flash  x-ray  (FXR)  machine  made  the  setup 
complex.  To  simplify  the  description,  the  experimental  setup 
is  divided  into  electrical,  optical  and  x-ray  component  set 
ups . 
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The  diode  voltage  and  current  were  measured  by 
installed  monitors  supplied  with  the  Pulserad.  The  signals 
from  these  monitors  were  measured  by  Tektronix  7104  IGHz 
oscilloscopes  and  Tektronix  Digital  Camera  Systems  (DCS)  .  The 
voltage  signal  required  46dB  attenuation,  and  the  current  20dB 
attenuation  to  be  viewed  on  the  oscilloscopes.  The  absolute 
magnitudes  of  these  signals  had  significance  in  this 
experiment  so  they  must  be  calculated  based  on  the 
oscilloscope  trace.  Actual  diode  voltage  (V)  is  determined 
by; 


(4.1) 


and  diode  current  (I)  is  determined  using, 


(4.2) 


[Ref.  12]  . 

Fast  risetime  (400ps)  photodetectors  with  optical 
fiber  input  were  used  to  measure  the  plasma  light  signals,  and 
a  foil  shielded  photodetector  (150ps  risetime)  was  used  to 
measure  the  x-ray  pulse.  The  anode,  cathode,  and  x-ray 
signals  were  measured  using  two  Tektronix  DSA  602A  digital 
signal  analyzers  (DSA)  with  1  GHz  bandwidth.  Each  DSA  is  two 
channel  capable  at  IGHz  so  the  anode  and  cathode  signals  were 
recorded  on  the  same  DSA.  Table  4.1  shows  the  detection  and 
measurement  equipment  used  and  its  important  operating 
characteristics . 
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DETECTION  AND  MEASURING  EQUIPMENT  USED  FOR  EXPERIMENT 
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2.  Signal  Processing  Conf igiiration 


The  signal  processing  arrangement  allowed  simplified 
data  acquisition  of  five  simultaneous  waveforms.  A  Stanford 
Research  Digital  Delay  Generator,  DG-535,  was  used  to 
synchronize  the  wave  forms.  Figure  4.2  shows  a  schematic 
drawing  of  the  signal  piocessing  setup. 

To  synchronize  the  time  scales  of  the  measured 
waveforms,  the  oscilloscopes  and  DSAs  had  to  be  externally 
triggered  before  arrival  of  their  signals.  The  Marx  Bank 
voltage  signal  was  used  as  the  base  trigger  because  it  occurs 
significantly  (50-150ns)  before  the  diode  voltage,  diode 
current,  and  plasma  signals.  The  Marx  signal  then  triggers 
the  delay  generator  which  in  turn  tells  each  oscilloscope  or 
DSA  when  to  "look"  for  a  signal.  The  delays  on  the  DG-535  are 
set  based  on  a  timing  procedure  covered  in  the  "timing" 
section.  The  final  result  is  that  the  timing  information  from 
all  waveforms  of  a  single  firing  is  directly  comparable. 

3 .  Optical  Setup 

Two  New  Focus  Model  1601  photodetectors  were  used  to 
convert  the  light  signal  produced  at  the  anode  and  cathode 
into  an  electrical  signal  which  could  be  recorded  by  the  DSA. 
The  detectors  were  housed  in  a  1.25cm  thick  aluminxam  barrel  to 
reduce  electromagnetic  noise.  They  were  biased  to  ±15V  and 
their  outputs  were  connected  to  heavily  shielded,  high 
frequency  capable,  coaxial  cables.  Two  fiber  optic  bundles, 
0.125  inches  in  diameter  and  1.85m  long  had  one  end  coupled  to 
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the  photodetector's  optically  sensitive  area.  The  other  end 
was  fed  through  drilled  holes  of  a  lead  brick.  The  lead 
bricks  were  needed  to  prevent  x-rays  from  registering  on  the 
light  detectors.  This  is  discussed  in  greater  detail  in 
section  D  of  this  chapter.  The  protruding  ends  of  the  fiber 
optic  cables  were  then  separated  by  a  0.7cm  thick  aluminum 
plate  which  was  placed  flush  against  the  vacuum  chamber  window 
and  centered  on  the  middle  of  the  diode  gap.  This  plate 
served  to  block  light  produced  on  the  cathode  surface  from 
entering  the  fiber  optic  cable  positioned  to  receive  light 
from  the  anode  and  vice  versa.  Only  the  cathode  light  signal 
was  recorded  for  this  experiment. 

4 .  X-ray  Setup 

X-ray  signal  detection  and  measurement  was  the  one 
procedure  that  had  not  been  done  in  previous  plasma  formation 
experiments  at  the  NFS  FXR  facility.  Finding  the  right 
detection  equipment  required  consultation  with  some  detector 
"experts",  and  considerable  trial  and  error.  Scintillation 
type  detectors  were  considered,  but  ruled  out  due  to 
difficulties  in  eliminating  extraneous  signals.  Consultations 
with  Mr.  George  Berzins  at  Los  Alamos  National  Laboratory,  and 
Mr.  Ray  Muller  at  Hamamatsu  Corp.  indicated  that  a  biased  PIN 
photodiode  could  be  used  if  we  were  interested  only  in  the 
time  resolution,  and  not  dose  or  frequency  information.  After 
trying  a  few  detectors,  the  Lasermetrics  Series  3117  Type  I 
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photodiode  with  its  switchable  power  supply  was  selected  as 
the  most  cost  effective  solution. 

Previous  experiments  at  the  FXR  by  Galarowicz  [Ref. 
11]  showed  that  placement  of  the  detector  along  the  axis  of 
the  FXR  provided  the  maximxim  x-ray  dose.  The  detector  was 
shielded  with  household  aluminvim  foil  to  keep  out  visible 
light,  and  reduce  electromagnetic  noise.  Final  photodiode 
positioning  was  then  determined  by  taking  a  series  of  shots  at 
different  distances  and  voltages  to  get  a  high  (10:1)  signal 
to  noise  ratio  without  saturating  the  detector.  In  the 
operating  range  of  the  detector,  the  signal  amplitude  was 
found  to  be  proportional  to  the  radiation  dose  received,  so 
proper  placement  of  the  detector  was  a  matter  of  checking  the 
radiation  dose.  The  Marx  voltages  selected  for  the 
experiment;  55kV,  75kV  and  lOOkV  required  the  detector  to  be 
placed  at  13cm,  28cm,  and  80cm  respectively  from  the  end  plate 
of  the  FXR.  Doses  at  75kV  and  lOOkV  were  also  reduced  by  the 
use  of  a  1.25cm  lead  shield  with  a  1.25cm  aperture  along  the 
axis  of  the  diode.  The  detector  was  aligned  with  the  diode 
axis  using  the  marked  geometric  center  of  the  FXR  diode. 
Variations  of  a  few  millimeters  off  axis  of  the  diode  were 
inconsequential  for  this  experiment.  Figure  4.3  shows  a  side 
view  of  the  X-ray  detection  setup  at  the  diode  end  of  the  FXR. 
The  cathode  of  the  FXR  is  visible  through  the  window  of  the 
vacuum  chamber  (left  side  of  the  photo) .  The  x-ray  detector 
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is  in  the  center  mounted  on  a  steel  rod.  The  detector  power 
supply  is  below  and  to  the  right  of  the  detector. 


Figure  4.3  Side  View  of  the  X-ray 
Detection  Setup. 


C.  PROCEDURES 

1 .  Voltages 

Three  different  FXR  diode  voltages  were  examined  in 
this  experiment.  The  diode  voltage  is  the  parameter  that  we 
use  when  observing  plasma  formation,  but  the  FXR  machine  is 
set  for  firing  by  the  Marx  Bank  charge.  The  diode  voltage  for 
each  shot  is  a  function  of  the  Marx  Bank  charge  and  the  diode 
impedance.  The  impedance  changes  slightly  from  shot  to  shot, 
and  so  does  the  diode  voltage.  For  convenience,  the  shots  are 
normally  referred  to  by  their  Marx  Bank  charge.  Marx  Bank 
charges  for  this  experiment  were  55kV,  75kV,  and  lOOkV,  which 
correspond  to  diode  voltages  of  600kV,  IMV,  and  1.2MV 
respectively . 
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2 .  Timing 

Ensuring  that  all  of  the  recorded  waveforms  were 
synchronized  was  a  crucial  part  of  the  data  collection  effort. 
Our  method  of  synchronization  compensated  for  all  time 
differences  in  the  transmission  line  -  oscilloscope  system  to 
include  time  base  and  response  time  characteristics  of  the 
oscilloscopes  and  the  length  and  impedance  differences  of  the 
transmission  cables.  To  do  this  we  used  a  Hewlett  Packard 
pulse  generator  to  send  a  20ns  pulse  down  the  transmission 
cables  of  two  of  the  measuring  devices  (eg.  x-ray  and  light) 
simultaneously.  We  then  compared  the  recorded  onset  times  of 
the  pulse  and  adjusted  the  delay  generator  so  that  they 
occurred  at  the  same  time  (  within  0.3ns).  Because  we  could 
synchronize  only  two  transmission  line  -  oscilloscope  systems 
at  one  time,  we  established  one  system  as  the  base  system  and 
synchronized  the  other  three  with  respect  to  that  base.  In 
this  way  they  were  all  synchronized  to  each  other.  For  our 
purposes  we  used  the  x-ray  line  -  digitizer  system  as  the  base 
because  it  has  the  shortest  cable  length,  hence  its  delay  was 
defined  as  zero  and  synchronization  could  be  accomplished  by 
adding  delays  to  the  other  systems.  We  performed  our  timing 
in  the  following  manner; 
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In  the  Diode  Room: 

1.  Attach  two  cables  of  the  same  length  to  a  "T"  connector 
and  attach  the  "T"  connector  to  the  output  BNC  connector  of 
the  pulse  generator. 

2 .  Attach  one  end  of  a  cable  to  the  trigger  output  of  the 
pulse  generator  and  the  other  end  to  the  unused  "B"  twisted 
coax  cable. 

3.  Put  the  following  settings  on  the  pulse  generator: 
Pulse  width  -  20ns,  mode  -  manual  trigger,  attenuation  - 
5dB,  trigger  advance  -  140ns,  wave  shape  -  square. 

4 .  Attach  one  of  the  signal  output  cables  to  the  x-ray 
detector  cable,  and  attach  the  other  output  cables  to  the 
cable  of  the  system  you  wish  to  synchronize  (i.e.  voltage, 
current  or  light  detector  cables) .  Note;  you  must  remove  the 
attenuators  from  the  voltages  and  current  cable  first  or  the 
signal  will  be  too  small. 


In  the  RF  Protected  Cage: 

5.  Remove  the  Marx  charge  line  from  the  trigger  input 
connector  of  the  Delay  generator  and  replace  it  with  the  "B" 
coax  cable. 

6 .  Ensure  oscilloscope /waveform  digitizers  are  set  to 
IV/div,  10ns /div  and  external  trigger.  Then  put  in  the 
acquire  mode. 

7.  Set  all  delays  to  zero  on  the  delay  generator. 

8 .  Manually  trigger  the  pulse  generator  and  compare  and 
record  onset  times  of  the  acquired  waveforms.  Note;  disregard 
waveforms  with  ambiguous  onset  times. 

9.  Adjust  the  delay  generator  corresponding  to  the  system 
being  synchronized  to  match  the  difference  recorded  in  Step 
8. 

10 .  Trigger  the  pulse  generator  again  and  compare  onset 
times.  If  the  difference  is  less  than  0.3ns,  the  two  systems 
are  synchronized.  Change  cable  connections  and  repeat  steps 
8  and  9 .  If  the  difference  in  the  onset  times  is  greater  than 
0.3ns,  adjust  the  delay  generator  half  the  difference  and 
repeat  steps  8,  9  and  10  until  the  difference  is  less  than 
0 . 3ns . 


After  completing  these  steps  all  cable  -  scope  systems  are 
accurately  synchronized  but  you  must  add  25ns  (55kV  shots)  and 
125ns  (75kV  and  lOOkV  shots)  additional  delay  to  all  of  the 
systems  on  the  delay  generator  to  ensure  the  waveforms  appear 
within  the  screen  when  triggered  by  the  Marx  voltage  signal. 
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In  addition  you  must  apply  the  following  timing  corrections  to 
account  for  transit  times  of  the  light  and  x-rays. 

3.  Optical  Delay  Corrections 

The  light  produced  on  the  electrodes  must  travel  15cm 
to  the  vacuum  chamber  window  and  an  additional  7 . 5cm  beyond 
that  to  the  end  of  the  1.83m  long  fiber  optic  cable  which  has 
an  index  of  refraction  of  n=1.62  Using  the  relation  t=x/v  for 
the  two  mediums  yields  a  correction  of  t=10.7ns.  This  delay 
must  be  added  to  the  delay  generator  for  the  light  system. 

4.  X-ray  Delay  Corrections 

X-rays  produced  on  the  anode  must  travel  to  the  x-ray 
detector  located  a  distance  1  behind  the  anode.  The  position 
I  varied  between  30cm  and  Im  depending  on  the  magnitude  of  the 
voltage  shot  being  measured.  This  resulted  in  x-ray  delay 
corrections  between  1  and  3  nanoseconds. 

5 .  Data  Acquisition 

To  obtain  the  desired  waveforms,  the  Marx  Bank 
capacitors  must  be  charged  in  parallel  and  discharged  in 
series  across  the  diode  gap.  To  ensure  this  is  done  properly, 
use  the  following  checklist: 

Data  Acquisition: 

1.  Reconnect  all  cables  and  attenuators  that  were 
disconnected  during  the  timing  process. 

2  .  Turn  on  and  properly  bias  the  photo  and  x-ray  detectors . 

3.  Reset  the  voltage  levels  on  the  oscilloscopes/DSAs  and 
put  them  in  the  acquire  mode. 

4.  Set  the  pressures  on  the  control  switches  in  accordance 
with  the  pressure  chart. 

5.  Charge  the  Marx  Bank  by  turning  on  all  power  switches, 
turning  the  keys  and  depressing  the  charge  buttons. 
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6.  Once  the  Marx  Bank  is  charged  to  the  voltage  you  have 
preselected,  the  ready  light  will  come  on.  Press  the  trigger 
button  and  the  voltage  will  be  released  across  the  diode.  All 
wave  forms  will  appear  on  the  oscilloscopes/DSAs . 

For  this  experiment,  one  set  of  ten  shots  was  done  at 
each  of  the  three  different  Marx  Bank  charge  ;  55kV,  75kV,  and 
lOOkV.  These  Marx  Bank  charges  translate  roughly  into  diode 
voltages  of  600kV,  IMV  and  1.2MV  respectively.  Averages  were 
done  on  the  ten  shots  to  determine  onset  times.  Additionally 
one  "blackout"  shot  was  done  for  each  voltage  by  shielding  the 
x-ray  and  light  detectors  from  their  respective  signals.  This 
served  to  measure  the  noise  generated  in  the  photo  and  x-ray 
detectors.  The  x-ray  detector  was  shielded  with  two  5cm  thick 
lead  bricks,  and  the  light  detectors  were  covered  by  opaque 
tape . 

D.  EXPERINENTAIi  CONCEKNS 

1.  Electromasmetic  Noise 

As  with  previous  experiments  at  the  NPS  FXR, 
electromagnetic  noise  proved  to  be  a  troublesome  problem  to 
overcome.  By  using  many  of  the  techniques  mentioned  in 
previous  work  [Ref.  11],  such  as  extensive  use  of  aluminum 
foil  for  RF  shielding  and  the  placement  of  the  photo  detectors 
as  far  away  from  the  vacuum  chamber  as  possible  the  noise 
problem  became  manageable.  Another  successful  improvement  we 
made  to  the  system  configuration  was  to  attenuate  the 
relatively  high  voltage  signals  (diode  and  Marx  voltages)  at 
the  source  rather  than  at  the  oscilloscope.  This  reduced  the 
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amount  of  noise  pickup  in  the  transmission  lines  of  the  photo 
and  x-ray  detectors.  The  aluminum  barrel  housing  used  for  the 
photodetectors  also  helped  reduce  E&M  noise  though  it  was  more 
effective  in  attenuating  x-rays. 

2 .  Stray  X-rays 

As  discussed  earlier  X  radiation  can  produce  a  large 
signal  on  silicon  diode  photodetectors  designed  to  measure 
visible  light.  Even  with  the  photodetectors  more  than  2m  away 
from  the  vacuvim  chamber,  x-rays  produced  a  sizable  signal 
(»5mV)  on  the  photodetectors.  To  block  the  x-rays  from 
reaching  the  detectors,  we  stacked  5cm  thick  lead  bricks  in 
front  of  the  detectors.  Surprisingly,  this  only  slightly 
alleviated  our  problem.  Through  trial  and  error  we  found  it 
necessary  to  block  the  x-rays  from  irradiating  the  fiber  optic 
cables  which  have  a  metallic  casing.  We  did  this  by  running 
the  cables  through  two  small  holes  drilled  through  a  5cm  thick 
lead  brick.  Though  we  do  not  understand  why  this  worked  we 
are  convinced  of  its  effectiveness. 
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V.  EZPSRIMBBITAL  RESULTS 


There  are  many  problems  working  in  the  high  noise  FXR 
environment.  It  seemed  that  every  data  run  had  some  type  of 
complication.  As  my  experience  with  the  equipment  grew,  so  did 
my  confidence  in  the  data  I  recorded.  Most  of  the  initial 
trial  work  was  done  with  a  75kV  Marx  charge,  where  the  noise 
factors  were  reasonable,  and  signal  to  noise  was  quite  good. 
In  the  55kV  data  run,  there  were  some  problems  with  signal  to 
noise,  but  the  timing  seemed  good.  The  lOOkV  data  runs  were 
subject  to  high  EM  noise,  and  there  seemed  to  be  a  problem 
with  current  timing.  I  will  highlight  some  of  the  problem 
areas  with  the  following  examples,  but  will  defer  a  detailed 
discussion  to  Chapter  VI. 

A.  EXAMPLE  WAVEFORMS 

The  following  are  examples  of  the  data  signals.  There  is 
one  set  from  each  of  the  three  Marx  bank  charges  (55,  75,  and 
lOOkV)  .  All  of  the  signals  for  a  given  Marx  charge  are 
synchronized  as  they  are  from  the  same  shot  or  rxin.  Time 
comparisons  between  different  shots  must  be  done  based  on 
times  from  voltage  onset.  Comparison  of  actual  times 
(measured  by  DCS  or  DSA)  for  different  shots  is  meaningless 
since  the  timing  of  the  Marx  firing  changes  slightly  from  shot 
to  shot.  Times  for  all  data  rims  are  in  Appendix  A. 
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Additionally,  the  blackout  signals  for  both  x-ray  and  cathode 
detectors  are  shown  for  each  Marx  voltage.  To  compare  the 
blackout  signal  to  the  data  signal,  the  voltage  onset  times 
must  be  compared.  The  actual  diode  voltage  and  current  values 
can  be  determined  using  Eqs.  4.1  and  4.2  respectively.  In  a 
following  section,  I  will  digitize  and  scale  the  four 
waveforms  from  each  run  for  direct  temporal  comparison. 

1.  55kV  Examples 

Figures  5.1  through  5.4  show  the  diode  voltage,  diode 
current,  x-ray,  and  cathode  light  signals  for  a  typical  55kV 
shot.  Figures  5.1  and  5.2  show  that  the  current  waveform 
follows  the  voltage,  as  it  does  in  all  cases.  Figures  5.5  and 
5.6  are  the  blackout  signals  for  x-ray  and  light  respectively, 
although  the  noise  in  Fig.  5.5  is  substantial,  it  occurs  well 
after  an  x-ray  signal  would  be  detected. 
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Figure  5.5  X-ray  Blackout  Signal  55kV 
Voltage  onset  is  marked  at  42ns. 
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2.  75kV  Examples 

Figures  5.7  through  5.10  are  examples  from  a  typical 
75kV  shot.  Figures  5.11  and  5.12  are  blackout  signals  for  the 
x-ray  and  light  signals  respectively. 
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Vl;-2.96iU  Ti:  32.9is  seconds  IU;-3.23U  IT:  23.§is 

Figure  5.7  Diode  Voltage  75kV.  Note,  noise  on  rising 
edge  did  not  appear  to  affect  plasma  onset  time. 


Figure  5.8  Diode  Current  75kV.  Ripples  on  rising 
edge  correspond  to  voltage  noise. 
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3.  lOOkV  Examples 

The  lOOkV  examples  are  the  most  problematic. 
Conclusions  drawn  from  these  examples  must  be  made  with 
healthy  skepticism  due  to  noise  problems  with  the  x-ray 
signal,  and  timing  problems  with  the  current.  Figure  5.13 
shows  the  diode  voltage  with  an  easily  discernible  onset. 

Figure  5 . 14  Shows  the  diode  current .  The  onset  is 
ambiguous,  and  even  selecting  the  latest  possible  onset,  it 
starts  5ns  before  the  voltage,  the  noise  spike  on  the  leading 
edge  corresponds  to  the  voltage  onset  time. 

Figure  5.15  shows  the  x-ray  signal.  The  x-ray  signal 
is  plagued  by  EM  noise  at  the  onset,  so  the  true  onset  of  the 
x-rays  is  difficult  to  determine. 


Figure  5.13  Diode  Voltage  lOOkV. 
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Figure  5.16  shows  the  cathode  light  signal  with  a  more 
gradual  rise  for  the  first  2ns  then  a  very  dramatic  rise. 
This  may  have  significance  in  the  plasma  build-up  and  onset  of 
breakdown . 

Figures  5.17  and  5.18  are  the  lOOkV  blackout  signals. 
In  both  cases,  the  noise  signals  onset  near  the  signal  onset 
times  if  the  voltage  is  used  as  a  reference  or  start  time  (see 
lOOkV  spreadsheet  in  Appendix  A. ) 
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B.  Superimposed  Digitized  Waveforms 

The  signals  captured  by  both  the  DCS  and  the  DSA  can  be 
converted  to  spreadsheets  and  plotted  on  the  same  graph.  This 
is  helpful  for  comparing  the  timing  information.  Since  the 
voltage  values  of  the  signals  differ,  it  is  best  to  scale  the 
waveforms.  Scale  factors  for  the  waveform  are  noted  with  each 
figure.  Figure  5.19  shows  the  entire  pulse  for  one  of  the 
55kV  shots.  This  gives  an  overview  of  how  the  signals 
"follow"  the  voltage.  Figure  5.20  is  a  blow-up  of  the  same 
pulse  showing  the  onset. 

Figure  5.21  shows  the  whole  pulse  for  a  typical  75kV  shot. 
The  x-ray  signal  onset  is  38ns.  Figure  5.22  shows  the  onsets 
of  all  signals. 

Figures  5.23  and  5.24  show  the  lOOkV  full  pulse  and  onset 
respectively.  The  current  onsets  before  the  voltage.  We 
attribute  this  to  experimenters  error.  The  noise  in  the  x-ray 
signal  corresponds  to  the  onset  of  noise  in  the  blackout, 
making  onset  determination  more  difficult. 
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Figure  5.19  55kV  Full  Pulse.  Note  rapid  x-ray- 
pulse  rise.  Scale  factors:  Voltage  (50x);  Current 
(lOOx) ;  Cathode  {2000x) ;  and  X-ray  (lOOOx) . 
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Figiire  5.20  55kV  Onset.  Note  rapid  rise  in  x-ray 
signal  at  cathode  onset.  Scale  factors  same  as 
Fig.  5.19. 
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Figure  5.21  75kV  Full  Pulse.  Note  how  current 
follows  voltage.  Scale  factors:  Voltage  (25x) ; 
Current  (50x) ;  Cathode  {2000x) ;  and  X-ray  (lOOOx) . 
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Figure  5.22  75kV  Onset.  X-ray  Signal  is  scaled  2X 
from  Fig  5.21. 
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Figure  5.23  lOOkV  Full  Pulse.  Note  current 
appears  to  onset  before  voltage.  Scale  factors: 
Voltage  (25x) ;  Current  (40x) ;  Cathode  (2000x) ;  and 
X-ray  (lOOOx) . 
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Fisrure  5.24  lOOkV  Onset.  Note  noise  spike  in  x- 
ray  signal.  Scale  factors  same  as  Fig.  5.23. 
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C.  Average  Onset  Times 


Ten  data  shots  were  done  for  each  Marx  voltage.  These 
groups  of  ten  were  considered  as  data  sets,  and  average  onset 
times  were  determined  for  the  parameters  measured.  Using  the 
diode  voltage  onset  as  the  zero  of  time,  I  calculated  the 
delays  before  current,  x-ray  and  cathode  light  onset. 
Additionally,  I  determined  the  voltage  at  which  x-ray 
production  began.  Table  5.1  shows  the  average  values  for  the 
three  data  sets .  The  raw  times  for  each  data  run  are  in 
Appendix  A. 


Table  5.1  AVERAGE  DELAY  TIMES  FROM  VOLTAGE  ONSET  (TEN  SHOTS 
AT  EACH  VOLTAGE)  ;  AND  VOLTAGE  AND  ELECTRIC  FIELD  AT  X-RAY 
ONSET 


Delay  Times*  (±1.2ns) 

From  Voltage  Onset  (ns) 

X-ray 

Onset 

Marx 

Current 

X-ray 

Cathode 

Diode 

Electric 

Voltage 

Light 

Voltage 

Field 

(Plasma) 

(kV) ** 

(MV/m) 

55 

2.2 

6.93 

10.33 

179  ±54 

7.08 

75 

0.09 

5.13 

6.58 

256  ±125 

10.1 

100 

-2.72 

5.16 

5.86 

226  ±230 

8.92 

*  Note  to=0  is  voltage  onset. 

**  These  values  are  ±  error  factors  as  determined  in  Appendix 
B. 
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VI  A1IAI.YSZS 


A.  COBfiPARXSON  OF  ACTUAL  AND  PREDICTED  PLASMA  ONSET 

Based  on  the  model  presented  in  Chapter  III,  the  onset  of 
plasma  formation  can  be  predicted  by  plotting  the  distance  of 
the  lOOV  EPS  from  the  cathode  using  actual  data  from  the 
voltage  curves,  and  the  desorbed  neutral  distance  from  the 
cathode  assuming  V=470m/s .  [Ref .  3]  This  velocity  is  the 
average  velocity  of  air  molecules  at  300°K  expanding  into  a 
vacuxim  [Ref.  8]  .  Figures  6.1  through  6.3  show  these  plots  for 
the  three  different  Marx  voltages. 


Figure  6.1  Distance  of  10 Ov  EPS  and  Neutrals  From 
the  Cathode (55kV) .  Delay  of  plasma  formation  from 
voltage  onset  *«11.5ns. 
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Figure  6.2  Distance  of  lOOv  EPS  and  Neutrals  From 
the  Cathode (7 5kV) .  Delay  of  plasma  formation  from 
voltage  onset  “7.5ns. 
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Figure  6.3  Distance  of  lOOv  EPS  and  Neutrals  From 
the  Cathode (lOOkV) .  Delay  of  plasma  formation 
from  voltage  onset  “7.5ns. 
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To  see  how  these  values  compare  to  those  obtained  in  the 
experiment,  and  get  an  overall  view  of  the  process,  I  set  up 
the  time  lines  in  Fig.  6.4  using  the  average  onset  times  from 
Table  5.1. 


Figure  6.4  Plasma  Formation 
Time  Sequence. 

These  plasma  onset  times  agree  very  favorably  with  the 
prediction,  considering  the  ±lns  timing  resolution  of  our 
experiment  (see  Appendix  B  for  error  analysis  of  time 
resolution).  Both  Hallal, [Ref .  3]  and  Wright[Ref.  10]  cover 
this  plasma  formation  in  great  depth,  and  I  will  now  move  on 
to  discuss  how  the  x-ray  signal  fits  into  the  picture. 

B.  X-RAY  ONSET 
1 .  Overview 

Based  on  the  DNI  model,  one  expects  that  field 
emission  will  begin  when  the  macroscopic  electric  field. 
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E«10MV/m  (p=100)  and  that  this  electron  current  will  register 
as  an  x-ray  signal  due  to  bremstrahlung  and  excitation  at  the 
anode.  The  diode  cuirrent  signal  will  have  some  initial  rise 
from  the  displacement  current,  so  the  x-ray  signal  is  the  best 
measure  of  when  field  emission  begins.  If  the  DNI  model  is 
correct,  we  would  see  a  small  x-ray  signal  at  E«10MV/m  that 
begins  the  ionization,  followed  shortly  by  plasma  formation 
and  rapid  rise  in  the  x-ray  signal  due  to  thermionic  amission 
and  the  unipolar  arc  electrons.  This  effect  is  seen  in  all 
the  exanple  waveforms  (see  Figs.  5.19-5.24)  and  in  most  of  the 
data.  The  x-ray  signal  starts  with  a  shallow  slope,  until  the 
plasma  formation  begins,  then  the  x-ray  signal  (electron 
current)  rises  very  rapidly.  Even  in  cases  where  the  x-ray 
signal  rises  rapidly  at  first,  its  magnitude  is  very  small  at 
the  plasma  onset  time.  In  most  of  the  lOOkV  cases,  the 
initial  slow  rise  is  masked  by  a  positive  noise  spike. 

2 .  Dii^lacement  Current 

The  current  detector  always  registers  a  current  before 
the  onset  of  x-rays.  The  x-ray  detector  is  the  most  accurate 
way  to  see  the  onset  of  the  convection  electron  current.  The 
question  now  is;  where  does  the  initial  current  reading  come 
from?  A  sinple  calculation  of  the  displacanent  current  can 
provide  the  answer. 

The  displacement  current  density  (jo)  for  the  diode 
prior  to  field  emission  is  given  by: 
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Using  Equation  2.1  and  assuming  negligible  space 


charge  effect  (before  field  emission)  Eq.  6.1  becomes: 


.  _  ^0 
d  dt 


(6.2) 


Using  an  example  from  our  experiment;  d=2.5cm,  and 
d$/dt=160kV/ns  (from  Fig.  5.7  and  Eq.  4.1)  Equation  6.2  gives 
jB=6A/cm’  at  t«5ns  after  voltage  onset.  From  Figure  5.8  and 
Eq.  4.2,  the  total  current  at  that  time  Is  I„t®730A.  Assiaming 
an  effective  area  for  the  diode  of  20cm^  [Ref.  3]  then  Ii,«120A, 
a  significant  but  not  overwhelming  part  of  the  total.  If  one 
considers  the  field  enhancement  factors,  and  their  effect  on 
the  displacement  current,  an  enhanced  displacement  current 
(jn^)  can  in  fact  account  for  most  of  this  initial  current. 
Using  an  enhancement  factor  p=100,  then,  joE®600A/cm*.  If  this 
enhancement  affects  only  5%  of  the  total  area  then 
Ide=600+114=714A,  nearly  the  total  current  registered.  The 
argument  for  the  enhancement  factor  P«100  is  well  established 
in  the  literature  [Refs.  2,6].  It  is  the  rapidly  changing 
electric  field  that  accounts  for  the  initial  current  rise,  not 
a  large  electron  current.  This  validates  the  idea  that  the 
x-ray  detector  is  the  best  measure  of  the  convection  electron 


3.  Field  Emission  and  Enhanced  Field  Eoiission 

It  is  well  established  that  field  emission  of 
electrons  turns  on  when  the  local  electric  field  “lOV/m 
[Refs.  2,6].  It  is  also  accepted  that  electric  field 
enhancement  factors  of  P=100  are  common  [Ref.  6] .  The  values 
of  E  at  x-ray  onset  from  Table  5.1  using  p=100  agree  very 
closely  with  this  threshold  (10*V/m)  value.  This  initial 
field  emission  seems  to  be  small  however,  and  does  not  rapidly 
build  until  the  onset  of  plasma  formation.  This  can  be 
explained  by  the  unipolar-arc  theory  [Ref .7] .  As  the  field 
emission  begins,  the  neutrals  begin  to  be  ionized  and  the  ions 
impart  their  kinetic  energy  into  the  surface  layers  of  the 
cathode.  Additionally,  the  ions  enhance  the  electric  field 
above  the  forming  cathode  spot  increasing  the  field  emission 
current  through  the  FN  equation  (Eq.  3.2).  These  processes 
rapidly  heat  the  spot  area  allowing  plasma  formation  and 
thermionic  emission  of  electrons  [Ref.  6].  These  electrons 
then  provide  the  source  for  the  high  electron  current  and 
consequently,  the  increase  in  the  x-ray  signal.  The  initial 
field  emission  is  from  single  points,  and  is  rather  small. 
Once  the  plasma  spreads  over  an  appreciable  area  of  the 
cathode,  the  emission  of  electrons  from  the  dense  plasma 
created  by  the  unipolar  arc  provides  the  high  current  across 
the  diode  gap. 
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C.  LIMITATZGMS  OF  IMIERFREZATZON 

There  are  several  assimnptions  that  must  be  clarified  in 
the  context  of  the  data  to  bring  about  a  conplete 
understanding  of  the  process. 

1.  Ctiild-LazigDuir  Current  Limitation 

One  of  the  assurrptions  of  this  model  is  the  planar 
diode  assunption.  This  assunption  stated  mathanatically  is: 


where  is  the  cathode  radius,  and  d  is  the  diode  spacing. 
At  first  glance,  this  appears  not  to  apply  to  the  NPS  FXR 
diode.  In  fact,  we  are  actually  looking  at  the  cathode  as 
many  small  area  electron  emitters,  i.e.  frcm  whiskers  (-/mi) 
and  dust  particles  (-lOptm)  .  Welsh  [Ref.  4]  did  a  simulation 
using  whisker  parameters  and  determined  tliat  the  current  was 
in  fact  Child- Langmuir  limited  within  a  given  flux  tube. 

2.  X-ray  Detector  Efficiency 

The  detector  iised  to  record  the  x-ray  signal  was  not 
designed  specifically  for  this  purpose,  so  it  is  inportant  to 
know  how  the  detector  will  respond  in  the  energy  range  we  are 
using.  The  most  inportant  electron  energy  range  for  our 
purpose  was  between  100  and  200keV,  near  the  onset  of  field 
emission.  Figure  6.5  shows  a  sanple  efficiency  of  detectors 
out  to  500kV.  Based  on  the  detector  placement  trials  (Chapter 
TV)  where  saturation  of  the  detector  occurred  inside  a  certain 
distance  from  the  anode,  there  are  enough  photons  prxxiuced  to 


54 


overcome  the  drop-off  in  efficiency.  The  fact  that  the 
detector  begins  to  give  a  signal  at  approximately  lOMV/m  adds 
further  to  my  confidence  that  it  is  the  best  measure  of  the 
electron  current. 


Figure  6.5  Detection 
Efficiency  of  Silicon 
Detectors.  [Ref.  18] 

3 .  Relativistic  Considerations 

In  this  study  we  deal  only  with  the  plasma  formation 
mechanism  at  the  cathode.  This  mechanism  acts  over  a  distance 
of  about  SOpm  from  the  cathode,  where  the  electrons  are  not 
yet  relativistic.  In  short,  relativity  is  not  important  to 
the  cathode  process. 

The  electrons  become  relativistic  before  striking  the 
anode,  but  the  relativistic  effects  are  minimal  [Ref.  3]  and 
do  not  effect  the  x-ray  production  process. 

4 .  Electromagnetic  Noise 

EM  noise  is  a  major  consideration  in  the 
interpretation  of  this  data.  Hundreds  of  trial  firings  were 
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done  to  reduce  noise,  increase  signal  to  noise,  and  determine 
detector  placement.  Knowledge  gained  from  these  firings,  and 
proper  use  of  the  blackout  signals  serves  to  validate  the 
interpretations  presented.  The  blackout  signals  are 
especially  important,  but  they  must  be  compared  to  the  signals 
using  the  onset  of  voltage  as  the  zero  of  time.  Even  with  the 
noise  problems,  the  rapid  increases  in  the  signals  were  easy 
to  determine  although  the  initial  slow  rises  are  more 
difficult  to  predict. 
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VIZ  COMCZinSZON  AMD  RECOMMENDATIONS 


A.  CONCLUSION 

The  explosive  electron  emission  model  requires  a  much 
higher  current  density  than  allowed  by  the  Child-Langmuir  law. 
The  DNI  model  provides  a  mechanism  that  efficiently  delivers 
the  energy  required  to  form  cathode  spots.  This  study 
confirms  the  temporal  character  of  the  DNI  model,  and  provides 
an  explanation  for  the  electron  current  behavior. 

The  data  from  this  experiment  shows  that  the  x-ray  onset 
occurs  before  the  cathode  plasma  (light)  onset  for  all 
voltages.  It  also  shows  that  the  x-ray  onset  occurs  at 
approximately  the  same  diode  electric  field  value  (lOMV/m)  for 
all  of  the  voltages.  Finally,  it  shows  that  the  x-ray  signal 
increases  dramatically  at  the  plasma  onset  time. 

The  plasma  onset  times  obtained  in  this  experiment  agree 
favorably  with  the  model  prediction,  and  the  previous  work  of 
Hallal  [Ref.  3]  .  The  only  real  substantive  change  to  the 
theory  for  this  work  was  to  use  a  faster  neutral  expansion 
velocity  {470m/s)  that  is  the  average  velocity  of  air 
molecules  at  300°K.  The  primary  thrust  of  this  experiment  was 
to  measure  the  x-ray  signature  and  hence  the  electron  current. 
Applying  the  electric  field  enhancement  factor,  p,  to  the 
displacement  current  explains  the  initial  rise  in  the  current. 
Then  using  an  x-ray  detector  we  can  detect  onset  of  the 
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electron  current.  The  x-ray  signal  starts  when  the  enhanced 
electric  field  reaches  10*V/m  as  expected,  for  the  start  of 
field  emission.  The  initial  signal  is  small  until  plasma 
formation  begins.  The  rapid  rise  in  the  x-rays  at  the  time  of 
plasma  formation  is  due  to  the  onset  of  breakdown  and  plasma 
formation  on  the  cathode  surface  by  unipolar  arcing  which 
provides  an  ample  source  of  electrons  for  the  x-rays.  The 
entire  process  develops  on  a  nanosecond  time  scale  because  the 
limiting  time  is  the  relatively  slow,  several  nanosecond 
flight  time  of  the  neutrals  to  the  ionization  region.  Once 
ionization  begins,  the  process  develops  rapidly  due  to  the 
relatively  short  flight  times  of  both  the  ions  (10'”s)  to  the 
cathode  surface  and  electrons  (10'“s)  from  the  cathode  to  the 
ionization  region,  a  few  \m  away  from  the  cathode  surface. 

B.  RECONMENDATXONS 

There  are  several  improvements  to  this  experiment  and  some 
new  experiments  that  could  provide  further  insight  into  this 
model.  Improvements  to  this  experiment  would  include  using 
more  sensitive  diode  current  and  voltage  detectors  and  an  x- 
ray  detector  with  a  known  thickness  and  better  noise  immunity. 
Firing  at  lower  voltages  should  lengthen  the  delay  time;  this 
could  provide  a  better  contrast  for  verification  of  the  model. 
Lower  voltages  should  also  see  a  longer  delay  between  x-ray 
onset  and  plasma  formation  because  of  the  slower  movement  of 
the  lOOV  EPS. 
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A  new  experiment  that  would  help  confirm  the  desorption  of 
neutrals  would  be  one  that  coats  the  cathode  with  contaminants 
and  checks  their  predicted  flight  time  against  the  plasma 
formation  time  [Ref.  3]  .  An  additional  experiment  to  check 
the  field  emission  current  could  include  using  an  x-ray- 
detector  with  sensitivity  to  low  energy  x-rays  placed  inside 
the  vacuum  chamber  to  see  the  initial  signal  better  and  check 
if  the  aliaminum  back  plate  on  the  anode  is  stopping  any 
initial  low  energy  x-rays. 
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APPENDIX  A:  DATA 

The  primary  data  collected  for  this  experiment  was  the 
onset  time  of  the  signals  for  diode  voltage,  diode  current  (I)  , 
cathode  light (C),  and  x-rays (X) .  Additionally,  the  diode 
voltage  at  the  time  of  x-ray  onset  was  determined  and  recorded 
for  each  run.  Tables  A.l,  A. 2,  and  A. 3  show  the  data  for  the 
55kV,  75kV,  and  lOOkV  data  sets  respectively. 

The  first  column  of  each  table  gives  the  run  number.  Run 
#11  is  the  blackout  run  for  each  voltage.  Columns  2  through 
5  show  the  raw  times  for  each  onset  as  measured  by  the 
DCS/DSA.  Columns  6  through  8  compare  the  differences  in  onset 
times  of  each  signal  to  the  onset  time  of  the  voltage.  Column 
9  shows  the  difference  between  the  x-ray  and  current  onset. 
All  times  are  in  nanoseconds. 

The  last  colximn  in  each  table  indicates  the  oscilloscope 
trace  voltage  that  represents  the  diode  voltage  at  x-ray  onset 
time.  Convert  the  trace  voltage  to  an  actual  voltage  using 
Equation  4.1,  and  determine  the  electric  field  with  Equation 
2.1. 
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Table  A.l  55kV  DATA 


Table  A. 2  75kV  DATA 
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Table  A. 3  lOOkV  DATA 


APPENDIX  B:  ERROR  ANALYSIS 


A.  TIME  MEASUREMENTS 

This  section  explains  the  timing  error  calculations  used 
in  the  results  and  analysis  chapters  of  this  report.  The 
sources  of  error  are  divided  into  two  categories.  The  first 
being  those  that  are  compensated  for  by  the  synchronization 
procedures  outlined  in  the  experiment  section  including  time 
base  errors  of  the  oscilloscopes  and  DSA's  and  electrical 
signal  travel  time.  These  timing  differences  are  resolved  to 
within  0.3  ns  of  error.  This,  along  with  the  other  category 
of  uncontrollable  independent  error  are  listed  below  in  Table 

B. l  below. 


Table  B.l  TIMING  ERROR 


■ 

Synchronization 

0 . 3ns 

2. 

Oscilloscope  (3%  X  10ns)  with  7B92A 

0.3ns 

3. 

Digitizing  Signal  Analyzer  (0.03%  X  10ns) 

0 . 03ns 

Ins  res* 

4. 

Digital  interpretation  by  DCS 

0 .  Ins 

5. 

Digital  interpretation  by  DSA 

0 .  Ins 

6. 

Delay  Generator 

0 . 5ns 

*  Though  the  accuracy  is  0.03%,  data  points  are  only  taken 
every  nanosecond  so  worst  case  error  is  actually  1  ns. 
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These  errors  are  all  independent  so  they  can  be  added  in 
quadrature.  The  resulting  error  is  dependent  upon  which 
apparati  are  used  in  the  measurement.  The  voltage  -  light  and 
voltage  -  x-ray  onset  time  delays  involve  error  sources  1 
through  6  above  thus  resulting  in  an  overall  error  of  ±1.2  ns. 


B.  VOLTAGE  HEASOKEHENTS 

Absolute  signal  strength  was  only  important  with  the  diode 
voltage  signal  because  it  was  converted  to  actual  diode 
voltage  values  using  the  method  described  in  the  experiment 
section  of  this  paper.  Since  only  relative  signal  strengths 
have  any  meaning  for  the  light  signals,  no  error  analysis  is 
necessary  for  the  light  signals.  Sources  of  error  for  the 
diode  voltage  values  determined  in  this  experiment  are  shown 
in  Table  A. 2  below. 


Table  B.2  VOLTAGE  ERROR 


Oscilloscope  Vertical  Plug-in  7B92A 

±  2% 

Value  of  Attenuation 

±  5% 

Digital  interpretation  by  DCS  w/zoom  feature 

±  1% 

These  errors  are  are  independent  so  they  can  also  be  added  in 
quadrature  resulting  in  an  overall  diode  voltage  error  of 
5.47%  rounded  up  to  6%.  However,  when  attempting  to  determine 


the  diode  voltage  at  a  certain  instant  in  time,  say  at  light 
or  x-ray  onset,  the  timing  error  must  be  taken  into  account. 
This  was  accomplished  by  estimating  the  slope  of  the  voltage 
signal  at  the  time  of  light  onset,  then  estimating  from  this 
slope  a  voltage  error  based  on  the  timing  error  involved.  For 
the  typical  55kv  run  the  slope  of  the  voltage  signal  was  .05 
V/ns  with  a  ±1.2  ns  timing  error  this  results  in  an 
oscilloscope  voltage  reading  error  of  .06  V  or  with  conversion 
to  a  diode  voltage,  we  have  a  value  of  19  kV.  This  must  be 
added  to  a  6%  error  of  the  peak  value  of  1.83  V  (±0.11  V) 
oscilloscope  error  or  a  35  kV  diode  voltage  error.  Summing 
the  two  we  have  a  total  error  of  ±  54  kV.  The  75  kV  shots 
have  3  V  oscilloscope  readings  with  slopes  of  about  .2  V/ns. 
This  results  in  a  total  error  of  125  kV  for  the  diode  volatge 
at  light  onset.  The  100  kV  shots  peak  at  4  kV  and  have  a 
slope  of  .4  V/ns,  so  the  total  diode  voltage  error  is  ±230  kV. 
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